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ABSTRACT 

^■poxy  resins  are  widely  used  as  matrices  for  high  per¬ 
formance  composites  for  their  elevated  physical  properties* 
However  the  permanence  in  a  humid  environment  and  at  rela¬ 
tively  high  temperatures  produces  a  reduction  of  these  pro¬ 
perties,  due  to  both  moisture  induced  plasticlsation  and 
micrecavities  formation*  In  a  previous  report  the  Authors 
have  introduced  a  simple  model  to  describe  temperature  hi¬ 
story  dependence  of  liquid  water  Borption  in  epoxy  resin* 

A  history  dependent  solubility  model  is  generalised  in 
accordance  with  the  Dual  Mode  Sorption  Theory  to  take  into 
account  a  history  dependency  of  effective  water  diffusion 
coefficients  in  epoxy  resins,  based  on  a  hypotiiAd  micro- 
cavitational  damage  due  to  the  combined  effects  of  tempera¬ 
ture  and  sorbed  moisture*  For  this  purpose,  weight  changes 
in  sorption  -  desorption  experiments,  made  on  thin  cast 
sheets  of  epoxy  resin,  have  been  followed  using  a  Me  Bain 
quartz  -  spring  microbalance  placed  in  temperature  and  hu¬ 
midity  controlled  cell.  Attention  has  been  given  to  the 
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Finally,  a  crazing  criterion  is  qualitatively  used  to 
test  the  nature  of  the  damaging  process  involved  for  the 
synergistic  effects  of  applied  stresses,  moisture  sorption 
end  temperature.  In  this  first  attempt  some  aspects  fur¬ 
ther  indicate  erasing  as  the  main  phenomenon  responsible 
for  the  damaging  process.  The  increase  of  the  driving  force 
for  cavitation,  i.e.  applied  tensile  stress,  results  in 
fact  in  an  increase  of  the  apparent  solubility.  The 
effects  of  a  hydrostatic  compressive  stress  field  is  also 


discussed. 


Fiber  reinforcea  plastics  are  being  Increasingly  utilized 
for  structural  applications  where  their  long-term  properties 
are  of  primary  importance.  A3  a  result  the  problem  of  envi¬ 
ronmental  effects  on  mechanical  performance  is  attracting  a 
great  deal  of  attention.  In  the  case  of  epoxy  composites  it 
has  been  shown  that  their  elevated  mechanical  properties  are 
strongly  affected  by  moisutre  absorption  from  high  humidity 
environments  (1-9).  This  effects,  especially  at  higher 
temperatures,  has  been  aasociated  to  moisture  induced  pl&s- 
ticlsatlon  and/or  micromechanical  damaging  (6,7).  While  the 
plasticization  effect  is  a  reversible  phenomenon,  the  micro- 
cavitation  is  not  recoverable.  *he  damaging  process,  go¬ 
verned  .by  synergistic  affect  of-  sorbed  moisture  and  tempe¬ 
rature;  is  particularly  evident  on  solubility  behaviour r 
where  an  additional  weight  gain  is  observed  (1,3,6)  when 
samples  are  exposed  to  cycling  conditions  of  environment 
and  temperature  (thermal  spikes). 

This  additional  weight  gain  is  attributed  to  moisture 
entrapment  during  mlcrocracking  of  the  resin,  since  glass 
transition  temperature  changes  are  not  observed  (6)* 
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Most  of  the  published  work  is  concerned  with  the  com¬ 
bined  effects  of  moisture  and  temperature  on  the  sorption 
behaviour  of  a  composite  matrix  material*  In  fact,  while 
the  sorption  process  is  reasonably  well  described  by  clasei' 
cal  diffusion  lawB  (1,2,6),  history  dependent  equilibrium 
moisture  solubilities  are  usually  found  (1,3,6,10).  Sorp¬ 
tion  behaviour  anomalies  are  particularly  apparent  at  ele¬ 
vated  temperatures. 

Often,  when  the  diffusing  species  have  high  affinity 
with  polymer,  the  sorption  is  coupled  with  molecular  re¬ 
laxation  and  erasing  (11-16)  wherein  morphological  modi¬ 
fication  of  the  polymer  are  involved*  Anomalous  sorption 
behaviour  has  bean  reported  for  numerous  polymer-diluent 
systems  (13,17,19-22).  In  the  case  of  thermoplastic  po¬ 
lymers,'  a  sharp  advancing  swollen  front  has  been  observed 
and  both  the  propagation  kinetics  and  the  morphological 
modifications  due  to  the  solvent  have  been  extensively 
studied  (18,20-22).  Low  crosslinked  polymers  have  shown 
almost  similar  behaviour  (15).  However  the  croeslinked 
structure  of  these  resins  reduces  the  amount  of  relaxa¬ 
tion  due  to  solvent  sorption,  which  namely  may  take  place 
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in  the  regions  with  icw  crosslink! ng  density  (4,23-25). 
Moreover,  for  moisture  and  water  sorption,  localized  cavi¬ 
tation  has  been  also  associated  with  the  tendency  of  water 
to  form  clusters  (12,25). 

In  the  last  years  interest  has  been  focused  primarily 
on  the  effects  of  moisture  sorption  during  "thermal  spikes" 
In  real-life  simulation  tests  (1,2,5,6,26,27)  on  the  pro¬ 
perties  of  thermosetting  resins.  The  consequent  reduction 
of  ultimate  properties  has  been  associated  both  to  irrever¬ 
sible  damage  (microcracks  formation)  and  to  reversible  da¬ 
mage  (water  plasticization)  (6).  1'he  formed  microcavities 
may  trap  additional  moisture  without  modifying  the  total 
amount  of  water  actually  dissolved  in  the  bulk  material 
(i.e.  with  no  further  changes  in  the  glass  transition  tem¬ 
perature  (6)  ).  For  sorption  “of  gasses  and  vapours  in 
glassy  polymers  the  Dual  Mode  Sorption  Theory  has  been 
successfully  developed  to  correlate  the  presence  of  hypo- 
tlzed  pre-existing  "holes"  or  "free  volume  elements"  fro¬ 
zen  in  the  glassy  state  to  characteristic  sorption  beha¬ 
viours  (28-29).  Equilibrium  weight  gains  have  been  des¬ 
cribed  (10)  to  be  progressively  affected  by  microcavity 


■7- 


formation  as  the  temperature  wie  increased. 

The  history  dependent  solubility  model  previously  pre¬ 
sented  Is  generalized  in  accordance  with  the  Dual  Mode  Sorp¬ 
tion  Theory  to  take  into  account  a  hygrothermal  history  de¬ 
pendence  of  effective  diffusion  coefficient  based  on  induced 
microcavitlea.  An  attempt  is  made  to  correlate  morphological 
changes  and  diffusion  parameters  in  this  structurally  diffe¬ 
rent  material.  Sorption  kinetics  of  water  and  moisture  in 
epoxy  resin  are  here  reported  and  analyzed  in  sight  of  a 
complete  immobilization  model  for  trapped  species.  Equili¬ 
brium  moisture  sorption  levels,  usually  reported  to  be  re¬ 
presented  by  power  law  function  of  the  relative  humidity 
with  exponents  ranging  from  1  to  7.  or  higher  values  (1,30,31, 
27)„have  been  obtained  and  intez preted  in  the  lighv  of  the 


above  model. 


SORPTlOii  MODEL 


Assuming  that  the  equilibrium  concentration  of  the  penetrating 
species  in  the  glassy  polymer  may  be  separated  in  two  terms,  one 
history  independent  and  the  other  history  dependent,  one  may  write* 


(1) 


where  T  and  a  are  the  actual  temperature  and  external  activity,  and 
1  and  \are  the  previous  thermal  and  activity  history.  In  addition, 
considering  that  may  be  described  by  the  combination  of  a  Henry1  s 
law  dissolved  term  and  a  Lsnguimir  "preexisting  hols  filling"  term 
in  accordance  with  the  Dual  Mode  Sorption  Theory  (28,29)*  !•*•* 

*  ^lI)a  4  h^T7  (2) 

where  is  the  Henry's  law  constant  for  dissolved  species,  a  is 
the  external  activity  and  C^0  and  b  the  Languimir  capacity  constant 
for  preexisting  holes  and  the  affinity  constant  respectively.  Due 
to  the  microcavitational  nature  of  the  hypotized  damage,  the  history 
dependent  solubility  term  ie  assumed  to  be  of  Lenguimir  type  only* 


c2(T,r,a,-o  = 


<^(*,*>  b(T)  a 


(3) 


where  C* , 


1  +  b(l )  a  ’ 

is  the  hole  saturation  constant  which  is  associated  with 


the  induced  cavities  in  the  polymer  and  b(T)  the  polymer-diluent 
affinity  constant,  which  Is  the  same  as  the  one  reported  in  eq,  (2). 


I 


I 
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Substituting  2  and  3  is  one  obtains: 

CT(T#T,a,«)  =  kd(T)  a  +  ,  b(T  ±jl  (4) 

1  b(T)  a 

In1  the  case  of  linear  isotherm,  where  ab«1,  equation  (4)  becomes: 

«[k(T)  4  K‘ (!,*,*)]  a  (5) 

where  K(T)  *  k  (T)  ♦  C«  b(T  )  and 
d  ho 

x*(T,r,*)  =  c*h(r,*)  b(T)  . 

Far  experiments  performed  at  constant  temperature  and  fixed  exter¬ 
nal  activity  will  be  only,  a  function  of  the  previous  hygrothermal 
history. 

The  transport  model  for  systems  in  which  sorbed  molecules  can 
be  divided  in  two  population,  one  formed  by  r  mpletely  immobilized 
molecules  and  tho  other  oy  molecules  free  to  diffuse,  has  been  deve¬ 
loped  by  Vieth  and  Sl&dek  (32)  ip  a  modified  form  of  Pick’s  second  law. 
Subsequently  %  partial  imraobjJlzafcloE  model  has  boon  successfully  de¬ 
veloped  by  Paul  and  loros  ( 33}  from  the  relaxation  of  the  postulate 
of  coexists  immobilisation  suggested  by  Petropoulosp4)J)ue  to  the  strong 
interactions  between  the  penetrant  and  the  polymer  and  the  high  cohesive 
energy  of  water,  large  differences  in  relative  mobilities  are  expected 
and  the  total  immobilisation  model  has  then  been  used.  In  such  case, 
in  feot,  when  linear  sorption  isotherms  are  experimentally  found,  dif¬ 
fusion  of  a  penetrant  may  be  described  by  clastic  diffusion  lav  with 
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con3t.ant  value  of  the  effective  diffusion  coefficient  (35  ) » 

D  =  kd  D  C6) 

eff  ft.f 

whore  k^  and  ri^  are  respectively  the  trio  arid  the  overall 
apparent  Henry* s  law  constant,  and  D  the  actual  diffusion  * 
coefficient  of  the  dissolved  species. 

Equation  6  states  that  when  part  of  the  diffusing  mole¬ 
cules  are  immobilized,  the  effective  diffusion  coefficient  is 
lower  than  the  actual.  Once  the  isotherm  5  1b  irreversibly 
fixed  by  the  previous  history  (K1  -  constant)  is  linear  and 


becomes: 


%  =  ft+  ft' 


(7) 


vher8  ft  and  K'  are  defined  in  equation  5  • 

Since  can  not  be  directly  calculated,  eqi:ation  6  ha3 
been  primarily  used  to  investigate  the  nature  or  the  morpholo¬ 
gical  changes  associated  with  water  sorption*  In  fact,  in  the 
case  of  micrccavi  tat  .local  damage,  pamnlss  damaged  by  different 
amounts  will  show  different  effective  diffusion  coafficisnts 
>rd  aciubili  lies,  also  if  tested  in  the  nur.o  expori  cental  con¬ 
ditions,  By  indicating  with  the  superscript  prime  and  second 
the  higher  ard  the  lover  degree  of  damage  respectively,  one  can 


write 


(from  aquation  6): 


2L 

D*  ' 


ft" 

T 

K*  T 


(6; 
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In  the  case  of  irreversible  oicrocavitational  nature  of  the 
damage,  eqiiation  8  is  verified  when  for  high  apparent  solubili¬ 
ties,  lower  effective  diffusion  coefficients  are  experimentally 
found.  Moreover  classic  Fickian  diffusion  laws  for  constant 
diffusion  coefficients  are  not  expected  to  adequately  describe 
water  sorption  in  epoxy  resins  during  the  damaging  process. 

2  his  is,  in  fact)  mathematically  equivalent  to  the  case  of  con¬ 
centration  dependent  diffusion  coefficients,  due  to  the  history 
dependence  of  K*  in  equation  6. 

Materials. 

Specimens  were  prepared  £roo  Eplkote  828  (kindly  supplied 
by  Shell  It.)  using  commercial  triethylene-tetramine  (TETA)  - 
(Montedison  SpA)  as  curing  agent.  Distilled  water  was  used  in 
the  sorption  experiments.  Dissolvent  gasses  were  removed  by 
repeated  freeze-thaw  cycling,  under  vacuum,  using  liquid  nitro¬ 
gen  as  refrigerant.  T  he  epoxy  samples  were  prepared  following 
the  same  procedures  previously  described  (10), 

Sorption  Kinetics  Experimental 

Moisture  sorption  kinetics  and  apparent  equilibria  were 
determined  by  means  of  a  Me  Bain  (36)  quartz,  elicoidal  spring 
microbalance  served  by  a  standard  vacuum  system.  The  quartz 
springs  with  a  0.30  ng/W,  sensitivity  were  obtained  from  the 
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Ruel'a  Corporation,  Worden  Quartz  Products  Division,  Houston,  Texas. 
The  sample  temperature  was  maintained  constant  by  circulating  ther- 
mostated  water  through  a  water  Jacket  surrounding  the  sorption  cell. 
Different  activities  have  been  maintained  in  the  system  by  imposing 
and  controlling,  by  means  of  a  mercury  differential  manometer,  dif¬ 
ferent  pressures  of  water  vapors. 

Gravimetric  liquid  sorption  measurements  were  performed  by 
weighing  3.0  x  3J0r  0.05  cn^  samples  repeatedly  on  a  "Galileo"  ana¬ 
lytical  balance  following  immersion  in  water  maintained  at  constant 
temperature.  The  samples  were  removed  from  the  water,  blotted,  pla¬ 
ced  in  a  weighing  bottle,  weighed,  and  finally  replaced  in  the  con¬ 
stant  temperature  water  bath. 

Sorption  data  are  indicated  as  C  (percentage  of  weight  gain 
referred  to  the  dry  weight)  and  plotted  as  a  function  cf  /t/1, 
where  1  is  the  thickness  of  the  samples  ranging  from  0,2  to  0.4  mm 
for  vapor  sorption  and  from  0.4  to  0.6  for  liquid  sorption.  Sorp¬ 
tion  equilibria  were  achieved  over  2  to  200  days  depending  upon  the 
test  temperature. 
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F-ESULTS  AND  DISCUSSION 

% 

Equilibrium  data  discussion  am  presentation,^ -SornLion  kinetic. 

Constant  temperature  sorptions  and  desorptions  have  been 
carried  out  on  the  same  sample  at  progressively  liigher  humidi¬ 
ty  levels.  This  will  be  referred  in  the  following  as  '‘First 
sorption  -  desorption  cycle  set"  and  will  be  indicated  with 
the  Roman  numeral  I.  Once  the  sample  has  been  equilibrated 
at  the  highest  humidity  level  all  subsequent  sorptions  and 
desorptions  will  be  referred  as  "Second  sorption  -  desorption 
cycle  set"  and  it  will  be  Indicated  by  Roman  numeral  II, 

In  Figure  1  a)  and  b)  polymer  weight  gains,  expressed 
as  grams  of  solvent  per  100  grams  of  dry  resin,  for  the 
first  and  second  sorption  -  desorption  cycle  sets  at  60°  C, 
have  been  plotted  as  a  function  of  square  root  of  time  nor¬ 
malized  to  the  sample  thickness,  1,  Numbers  on  the  curves 
refer  to  the  activity  at  which  the  specific  test  has  been 
performed.  The  activity  is  defined  as  the  ratio  between  the 
moisture  pressure  in  the  sorption  cell  and  the  water  vapour 
pressure  at  the  temperature  of  the  experiment.  For  activities 
higher  than  0.60  first  sorption  experimental  points  have  not 
been  reported  in  Figure  la  since  the  initial  part  of  the  curve 
does  not  follow  the  classical  Fickian  diffusion  predictions  (37). 


The  argument  will  be  f'irthordeveloped  and  discussed  in  termB 
of  appurent  concentration  dependence  of  the  "effective"  dif¬ 
fusion  coefficient  in  the  kinetic  paragraph.  Conversely  in 
Figure  1b  sorption  and  desorption  kinetics  have  been  report¬ 
ed  for  all  activities  indicated  showing  that  in  this  case 
all  the  data  at  low  times  are  correlated  by  a  straight  line. 
In  Figure  1c  equilibrium  solubilities,  obtained  from  the 
asymptotic  values  of  the  sorption  curves,  both  for  the  first 
and  the  second  sorption  -  desorption  cycle  sets,  at  different 
activities,  are  reported.  Open  circles  refer  to  the  progres¬ 
sive  moisture  equilibrium  wight  gains  which  have  been  ob¬ 
tained  in  the  first  sorption  -  desorption  cycles  set.  The 
isotherm  is  clearly  non  linear  (upward)  showing  a  positive 
deviation  from  linearity  at  higher  activities.  Once  the 
maximum  value  of  the  activity  is  experienced  by  the  sample, 
the  equilibrium  moisture  weight  gains  are  linear  with  the 
activity  values  (full  circles).  The  differences  in  the 
sorption  behaviour,  for  the  same  environmental  conditions 
are  to  be  related  to  a  progressive  damage  that  is  produced 
in  the  material  equilibrated  at  increasingly  higher  moisture 


k 


-15- 


contents.  Once  maximum  equilibrium  moisture  content  has 
beers  reached  (in  this  case  -  0,99),  and  the  tempo ru- 
ture  is  held  at  constant  value,  no  additional  damage  can 
be  induced  in  the  resin.  The  polymer-water  system,  then 
behaves  linearly  when  the  internal  state  of  the  material 
does  not  change  during  the  experiment.  In  this  case  an 
apparent  ^enry' a  law  constant  can  be  defined  as  the  elope 
of  the  linear  isotherm.  The  overall  eyetem  ie  then  iden¬ 
tified  by  an  additional  internal  Btate  variable  which  is 
function  of  both  the  temperature  and  the  moisture  con¬ 
tent.  Once  the  system  i3  fixed  the  sorption  kinetic  be¬ 
comes  a  reversible  phenomenon.  In  fact  the  equilibrium 
values  of  the  .solubility  for  the  third  sorption  -  desorp¬ 
tion  experiments  are  reported  in  Figure  1c  ns  full  1 rian- 
gles  shoving  a  good  agreement  with  the  previous  data. 

The  same  orocedure  has  been  followed  for  temperatures 
both  higher  (75°0)  and  lower  (45  G  and  30°0)  than  the  pre¬ 
vious  one.  The  first  and  second  sorption  -  desorption  cycle 
sets  are  reported  in  figures  2a  and  2b  while  humidity  his¬ 
tory  dependent  isotherms  are  shown  in  ^igure  2c  for  T=75°C. 
The  upward  isotherm  (Fig,  2c)  relative  to  the  first  aorp- 
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tion  -  do  sorption  cycle-  net  equilibrium  solubilities  (open 
circles)  shows  an  initial  apparently  linriir  part  followed 
by  progressive  positive  deviations  for  activity  higher 
than  0.60.  The  existence  of  tide  apparently  initial  line¬ 
ar  region  indicates  that  at  low  moisture  contents,  inde¬ 
pendently  of  the  test  temperature,  the  damage  induced  in 
the  resin  is  irrelevant.  Sorption  parameters  obtained  on 
"as  cast”  polymer  at  low  activities  can  be  then  referred 
as  relative  to  the  undamaged  resin  (i.e.  K  of  the  solubi¬ 
lity  model).  Again,  once  the  Bample  has  been  equilibrated 
at  the  highest  humidity  level  (a  =  0.99) »  the  system  be¬ 
haves  linearly  for  all  activities  (full  circles  of  Fig. 2c) 
with  an  overall  higher  apparent  Henry*  s  law  constant  than 
in  the  undamaged  state  (initial  slope  of  the  upward  iso¬ 
therm)  . 

Sorption  -  desorption  cycle  dels  at  45°  0  are  shown 
in  *igure  3.  Additional  equilibrium  moisture  contents  for 
”as  cast"  samples  have  been  obtained  without  following  the 
sorption  kinetics  and  are  also  reported  in  Figure  3c  (open 
circles). 
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At  thru  lump. Tali' rc  the  differences  between  the  3 i near 
urd  the  upward  isotherms  are  less  pronounced  p.b  expected 
from  the  temperature  dependence  of  the  damage  in  the  resin- 
water  ..system,  Low  temperature  environment  is,  in  fact,  in¬ 
ducing  lower  damage  than  a  higher  temperature  environment 
even  in  the  same  conditions  of  moisture  content.  When  tte 
test  temperature  was  reduced,  T  »  30°C  in  Figure  4,  a  still 
less  pronounced  history  dependence  of  the  isotherms  was 
found.  At  this  temperature  the  humidity  control  waa  diffi¬ 
cult  to  achieve  (p  =  30mm  Hg)  but  still  appreciable,  A 
dotted  lirif-  is  plotted  to  indicate  the  presumed  upward  iso¬ 
therm.  Once  again  a  .linear  isotherm  is  found  when  samples 
are  previously  equilibrated  at  higher  humidity  levels.  It 
•should  to  noted  that  the  ncistui  3  "per  se"  is  not  ffective 
to  produce  any  microcavitation  Tu  the  resin  but,  as  already 
pointed  cut  in  the  literature  (1,b),  the  synergistic  effect 
of  moisture  am;  temperature  it  really  effective  in  the  damag¬ 
ing  process. 

0  o 

For  temperature  lower  than  30  C  (in  particulars  20  C 
and  2°C)  sorption  from  liquid  phase,  a  -  1,00,  has  been  fol¬ 
lowed  and  the  data  are  reported  in  Figure  5. 
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In  Figure  6  solubilities  of  resins  previously  equili¬ 
brated  at  higher  humidity  levels  ae  function  of  actual  va¬ 
pour  pressures  (in  mm  of  Hg)  and  for  different  temperatures, 
aa  reported  on  the  curves,  are  shown.  F0r  experiments  made 
in  the  liquid  phase,  water  vapour  pressures  at  the  tempera¬ 
ture  of  the  tests  are  used  as  abscissa.  Isotherms  are  in- 
terupped  at  pressure  values  equal  to  the  relative  water  va¬ 
pour  pressure,  the  overall  apparent  Henry1  a  law  constants 
Kt  ,  obtained  from  Figure  6,  are  plotted  in  a  van't  Hoff 
diagram  in  ^igure  7  (full  circles).  On  the  same  figure  ap¬ 
parent  henry1  8  law  constants  for  undamaged  resifa,  ,  ob¬ 
tained  from  the  initial  linear  portions  of  the  upward  iso¬ 
therms  have  also  been  reported  as  open  circles. 

It  is  interesting  to  notice  that  a  straight  l_ne  well 
correlates  the  solubility  constants  data  for  undamaged  re¬ 
sin  (low  activity  test  or  low  temperature  experiments),  as 
expected  if  the  upward  shapo  of  the  Isotherm  is  due  to  the 
history  dependence  of  the  second  term  K*  of  eq.  7  in  severe 
conditions  of  humidity  and  temperature.  Indeed,  if  it  is 
so,  specimens  eauilibrated  at  high  humidity  levels  and  at 
different  temperatures'  are  not  expected  to  show  apparent 
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henry1  6  constants  that  can  be  correlated  by  straight  lines  in 
a  van* t  Hoff  diagram  since  they  have  different  degrees  of  iri- 
crovoids.  However,  mce  the  b date  of  the  material  has  been 
fixed  by  the  hygrothermal  history,  then  a  linear  relt.  lion  ship 
nru3t  be  four.d,  In  fact,  ir.  Figures  8  a)  and  b),  sorption  -  de¬ 
sorption  curves  are  reported  for  tests  performed  at  T  -  30°  C 
o 

and  T  -  45  C,  respectively,  on  samples  previously  equilibra¬ 
ted  at  T  -  60°  C  and  a  =  0.99.  *'or  such  system  linear  iso¬ 
therms  have*  been  obtained  ami  reported  in  Figure  8c  (open 

circles)  together  with  those  obtained  on  samples  equilibrated 

0  0 

only  at  the  test  temperature  (45  C  and  30  C)  (full  circles). 

It  is  evident  that  for  systems  equilibrated  at  higher  tempera¬ 
ture,  the  higher  degree  of  damage  ia  shown  by  a  higher  solubi¬ 
lity  constant.  The  overall  apparent  Henry's  con.  oar.  is  obtain¬ 
ed  from  Figure  £c  and  from  a  low  aut’viiy  tent  tu  -  0 ,;?0)  ex¬ 
periment  at  75  "U  on  n  prevj ous'iy  equ' ij Prated  sample  *>1  T  -  f(JJC 
and  a  -•  0.99,  are  rorerteu  as  lull  triangles  in  Figure  7. 

As. expected,  a  straight  line,  parallel  to  the  one  corres¬ 
ponding  to  undamaged  resir.,  well  correlates  the  experimental 
points. 


Concluding,  sorbed  mol  >s’.  ire  muy  induce  difforont  decrees 
of  irreversible  damage  depending  upon  the  tempera  tur-.  and  hu¬ 
midity  levels  imposed  on  the  sample.  For  low  values  of  tempe¬ 
ratures  (T  <  20°C)  or  for  low  activities  (« _>  0.60)  subsequent 
sorptions  are  affected  by  the  previous  temperature  and  humidi¬ 
ty  histories,  history  dependent  apparent  Henry' s  law  constants, 
aB  discussed  above,  give  upward  shaped  isotherms  once  the  da¬ 
maging  process  is  active. 

Conversely,  once  the  damage  has  reached  itB  maximum  value 
as  a  result  of  exposure  to  drastic  environmental  conditions 
(high  values  of  T  and  a),  linear  sorption  isotherms  with  high¬ 
er  apparent  Henry* s  law  constants  are  obtained  in  any  subsequent 
sorption  -  desorption  experiment  . 

Discussion  of  kinetic  data 

Moisture  sorption  and  decoration  An  epoxy  resins  have  been 
previously  presented  for  different  values  of  temperature  and  ex¬ 
ternal  activity.  Equilibrium  moisture  sorption  levels  have  been 
described  to  be  represented,  for  the  same  polymer  and  at  the  same 
temperature  and  humidity  conditions,  both  by  linear  and  upward 
isotherms  (i.e.  Fig.  2c),  depending  upon  the  humidity  history  to 


which  lr*  syat^!  war-  sub. t-k! .  Xj<  float  sorptions  on  ".»s 
cast1'  pf:  v-i iib  t open  cirri'.:?)  ten  initial  appm-tuv tly  j  i  ra-.ar 
isotherm  (dotted  Hue)  war  progressively  subject  to  signi¬ 
ficant  positive  deviations,  associated  with  a  damaging  pro¬ 
cess,  as  the  external  activity  was  increased  over  0,60.  Once 
the  maximum  humidity  level  imposed  to  the  system  is  fixed, 
for  all  subsequent  sorption  and  desorption,  the  solubility 
data  were  fitted,  by  linear  isotherms  (full  circles)  of 
Fig.  2c.  Vapor  sorption  data  for  high  activities  and  tem¬ 
peratures  in  the  first  sorption  run  have  not  been  ^reported 
since  they  were  not  described  by  ordinary  Pick's  laws.  An 
explanation  of  such  anomalous  behaviour  will-  be  given  fur¬ 
ther  on  using  the  argument f  discussed  in  the  section  on 
sorption  model. 

Moisture  sorption  and  desorption  kindles  for  two  dif¬ 
ferent  values  of  activity  in  "as  cast"  epoxy  resin  (first 
sorption  -  desorption  cycles)  are  reported  in  Figure  8  for 
tests  made  at  T  ~  75*'  C.  according  to  ordinary  Fiekita 
diffusion  with  constant  diffusion  coefficient  (37),  both 
an  initial  linear  part  in  a  weight  gain  VS  Vt  plot  and 
sorption  anti  desorption  data  lying  on  the  some  curve  are 


expected.  However,  while  iuis  .•  s  verified  at  low  activities 
(h  =  0 •  'SC;  in  *ig,  8),  it  high  activities  (a  =  0,80)  anoma¬ 
lous  behaviour  has  been  found.  As  previously  discussed,  tae 
effect  of  damaging  orocesa  on  the  effective  diffusion  coef¬ 
ficient  may  be  attributed  to  morphological  changes  in  form 
of  microcavitj.es.  The  anomalous  behaviour  shown  at  high 
humidity  environments  could,  in  principle,  be  also  explained 
by  an  actual  concentration  dependency  of  diffusion  coefficient 
Sorption  and  desorption  tests  performed  at  the  sane 
high  activity  (a  =  0.80)  and  temperature  on  a  sample  pre¬ 
viously  equilibrated  at  a  »  0,99  (second  cycle  rune),  are 
shown  in  Fig.  9.  A  good  superposition  of  the  sorption  and 
desorption  aata  may  be  observed  as  predicted  by  tho  oropoaed 
modal,  since  ho  additional  micro -old  formation  is  xpected 
once  trie  material  has  air  ;-sd/  nc-en  expop-ni  to  more  severe 
conditions.  Tn  addition,  thi :•  r-.su.! t  Indicates  that  the 
use  of  a  real  concentration  dependent  diffusion  coefficient 
would  not  oe  satisfactory  to  explain  the  anomalies  found  in 
figure  8.  Moreover,  the  environmental  conditions  of  a  *  0.60 
ar.d  1  -  75°  C  are  not  able  to  induce  significant  micro  - 
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vciding  in  the  resin  since  evident  anomalies  have  net  ’oeen 

found  in  the  sorrtroi.  curve;'.. 

Scarp  ti on  curves  cblat r.ed  at  the  same  activity,  i  -  0.60 
o 

•in:;  T  *  7t  C,  for  at-  cant  sample n  [i }  tn-i  feu  t  sample  previ¬ 
ously  equiMbraved  ah  n  =  0.9V  at  the  sw.e  temperature  (b)  art- 
shown  in  Figure  10.  It  can  be  observed,  as  accord l nr  to  equa¬ 
tion  8,  thai  the  diffusion  coefficient  cf  the  camupcd  sample 
is  lower  than  tb-f  cf  the  umituaHged  specimens  t b >  *  ) .  "i.e 
morphological  raouifi  cation  which  increases  the  solubility  of 
the  crazed  resin,  at  fixed  environmental  conditions,  lowers 
the  effective  diffusion  coefficient. 

in  Figure  11  the  ratios  between  diffusion  coefficients  ob¬ 
tained  ir.  the  seme  experimental  conditions,  on  samples  equili¬ 
brated  in  different  environmental  conditions,  arc  reported  as 
a  function  of  tru-  ratios  between  the  measured  solubilities  and 
are  compared  with  equation  ?  (full  line).  The  accordance  be¬ 
tween  the  experimental  data  and  the  theory  i&  fairly  good. 

As  previously  reported  *  the  damaging  process  is 

not  evidnet  at  low  external  humidity  levels  for  all  the  tem¬ 
perature  investigated,  and  at  lew  temperatures  for  all  re¬ 
lative  humidities  analyzed.  As  a  consequence,  effective 
diffusion  coefficients  for  the  undamaged  polymer  can  be  cal¬ 
culated  at  high  temperatures  in  low  humidity  environments 


and  at  low  t<  rapcratures  in  ail  hernia  i ty  conditions  (also  liquid 
water) . 

Diffusion  coefficients  for  damaged  (T  =  60°  C,  a  -  0,99)  and 
urxhTmgod  renin  have  been  crossplctted  with  solubility  data,  ns  a 
function  of  the  reciprocal  of  the  temperature,  taken  from  the  data 
presented  in  the  previous  paragraph  •  As  for  the  solubility  data 
open  triangles  in  FigVJ2  »  the  dtffuoion  coefficients  calcu¬ 
lated  from  tests  performed  both  at  low  temperatures  (2°  end  20°  C) 
In  liquid  water  and  at  high  temperatures  and  low  activities  (re¬ 
ferred  as  undamaged;,  are  also  well  correlated  by  a  straight  line 
In  the  Arrhenius  plot  (open  circles  in  Figure  12),  For  damaged 
sample o  lever  diffusion  coefficients  (full  circles)  and  higher 
solubilities  ( full  triangles)  have  teen  found  in  the  range  of  the 
tempera turo a  studied.  Activation  energy  for  the  t illusion  pro¬ 
cess  of  about  1 3,5  llcal/tdulo  ha  a  ...een  calculated  both  #*or  damaged 
and  undamaged  n'C'pios,  1  »;<?  corresponding  enthalpy  of  nixing  for 
ruth  materials  hir.  loan  fa; usd  to  he  *f  —11. C  Kcal/molc. 

in  conclusion,  it  has  teen  shown  that  the  effect  of  tempera¬ 
ture  and  humidity  on  the  epoxy  nicroatructure  may  bo  noted  both 


from  kinetics  and  equilibrium  data* 


The  nature  of  the  hypo- 


tired  damaging  process  (micrccavities  formation;  is  in  agreement 
with  the  diffusion  coefficient  depression  experimentally  found  and 
theoretically  predicted  by  an  analysis  based  on  Dual  Mode  Sorption 
transport  model  with  completely  immobilized  trapped  species. 
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Acnlled  stress  and  dn:mip.lru'  i.ryc.fni,  ;l,r,  presence  of  sorbed 
moicturf , 

Crazing  has  often  ocs«-ribed  an  a  fcrza  of  yielding  i*  glaa- 
ey  polymers  involving  significant  cavitation  and  loos  J ized  fi¬ 
brillation  and  orientation  of  the  material  surrounding  the  ca¬ 
vities  (38)  which  develops  n  thermodynamic  restoring  force  due 
to  conformational  entropy  changes  of  the  oriented  macromolecu¬ 
les  .  Hbvever,  in  ordinary  conditions  crazing  is  considered 
irreversible  since  the  weakness  of  the  rostering  force  as  rela¬ 
ted  to  the  forces  r  quired  to  initiate  the  cavitation,  results 
in  a  recovery  time  scale  that  io  decades  longer  than  the  typi¬ 
cal  initiation  time  scale.  In  addition,  while  cavitation  is 
isotropic  in  character,  the  fibrillation  and  orientation  of 
craze  surrounding  the  cavities  is  ncA,  and, in  fact,  ita  dire¬ 
ctionality  has  beer,  described  (yi)  in  terms  of  major  principal 
stress  always  perpendicular  to  the  craze  tip,  hence  the  name 
normal  stress  yielding  (40), 

For  those  reasons  a  criterion  fo"  crazing  based  en¬ 
tirely  on  the  first  invariant  is  not  adequate,  implying 
that  craze  formation  should  be  a  completely  isotropic 
yielding  process.  The  dependence  of  craze  initiation  has 
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been  successfully  deecrived  u:  fermi  nf  deviatoric  stress 
bias  (  C’y, )  versus  the  •*•«?, of  tbs  first-ctix-ss  inva¬ 
riant  ( 1 1 )  (4C)  t  The  stress  bia3.(i»«.  stress  vector  with  mag¬ 
nitude*  equal  to  the  major  shear  stress  but  with  direction 
of  the  major  principal  stress), may  be  viewed  as  the  driv¬ 
ing  force,  and  as  direction  determining  component  of  the 
stress  state,  for  the  fibrillation  and  orientation  step, 
whereas  the  first-stress  invariant  is  the  cavttational 
driving  force. 

In  equation  form  it  may  be  expressed  as: 

<Tb  >  A  +  B 

T 

*1 

where  A  and  b  are  temperature-dependent  material  constants 
and  I>)  ip  .the  first- stress  invariant  which  must  be  positive 
(  dilations!  }  fear  cavitation This  suggest  a  that  na  the 
stress  field  becomes  non  dilational  the  cavitation  pro¬ 
cess  is  the  limiting  factor,  cx’azra  becomes  increasingly 
difficult  to  initiate  and  shear  yielding  may  be  observed  as 
yielding  mode  (40). 

The  above  criteria  may  be  qualitatively  used  to  inves¬ 


tigate  the  nature  of  the  damaging  process  associated  with 


moisture  sorption.  In  fart.,  .if  crr.z»  .formation  is  invoked 
to  explain  apparent  solubility  changes  of  atuuples  subjected 
to  different  hygrothermal  histories,  the  effects  of  an  ex¬ 
ternally  aopliod  stress  field  on  solubilities  may  bo  pre¬ 
dicted,  considering  its  influence  on  the  driving  force  for 
cavitation,  1^.  Sorbed  solvent  induced  oem-Otic  stresses  Ul) 
or  differential  swelling  strains  of  regions  with  different 
croaslinking  densities  (4,23)  produce  the  "internal"  stress 
field  distribution  responsible  for  erase  formation.  The 
superposition  of  an  external  stress  field  will  favor  or  de¬ 
crease  the  tendency  o?  the  material  to  craze,  dSpehriing  on 
the  variations  of  the  resulting  first-stress  variant.  For 
example,  the  application  of  a  tensile  stress  will  increase 
1-j  and  a  more  crazed  (damaged)  material,  should  be  obtained, 
while,  conversely,  the  appi. cation  of  a  hydrostatic  pressure 

will  decrease  I  and  a  .it  S3  ore -sod  material  should  result. 

1 

Such  an  expectation  has  bean  experimentally  tested  by  per¬ 
forming  sorption  experiments  on  sample  subjected  to  diffe¬ 
rent  "stress  histories"  when  exposed  to  the  same  environmen¬ 
tal  conditions.  Liquid  water  sorptions  have  been  previously 
carries  out  nt  T  -  40ft  C  on  an  uniaxially  loaded  dumbell  sam¬ 
ple  and  on  an  unloaded  reference  sample.  After  a  period 


three  times  longer  char.  usually  needed  to  equilibrate  un¬ 
load  nd  samples  ut  the  Same  temperature,  the  dumbell  Bpeci- 
mens  were  cut  into  rectangular  shapes  and  weighed  in  the  wet 
state <  The  dry  weight  was  subsequently  obtained  after  a 
drying  procedure  under  vacuum  at  T  =  40°  C  until  no  weight 
changes  were  further  observed.  Weight  gains  subsequent  to 
resorption  from  liquid  water  ut  T  -  40°  C  were  then  followed 
for  the  two  samples  with  different  stress  histories,  and  arc- 
reported  in  Fig.  14.  The  previously  loaded  and  water  pene¬ 
trated  sample  clearly  shown  a  higher  solubility  than  the  un¬ 
loaded  sample.  In  Table  1  the  applied  atrcBS,  equilibrium 
moisture  uptakes  and  percent  solubilities  increases  are  re¬ 
ported  for  the  loaded  and  unloaded  samples.  An  increase  of 
about. 1C  percent  of  the  apparent  solubilities  has  ieen  found 
after  applying  a  stress  that  is  only  7  percent  of  the  yielding 
stress  for  a  saturated  sample  \4*  i  or  j  percent  of  the  <T break 
for  a  dry  sample  (4?)»  Local  yielding  in  form  of  crar.cs  may 
be  possible  since,  for  the  applied  stress  used,  we  are  well  in¬ 
side  the  lineai-  elastic  region  of  tn«  stress- strain  curve  (42), 
The  increase  in"crazs.bilityl,expected  as  a  consequence  of 
the  increase  of  the  driving  force  for  cavitation,  1^,  is  expert- 


mentally  evident  in  «u:  apj.v> rtni-l  <r  '•••«  tier  .-.cAvK'l.'.ity  of  the 
loaded  sample. 

Concluding,  more  inf ormatJ ■.■>::•  or,  the  nature  of  the  damag¬ 
ing  process  of  epoxy  re  sine  exposed  to  inuuld  environment  f  ear 
be  obtained  performing  sorption  teste  on  differently  loaded 
samples  at  different  temperatures.  Sorption  experiments  ?er~ 
rind  out  on  camples  subjected  to  hydrostatic  compressive  stress 
field  are  presently  in  progress.  The  results  will  he  compared 
with  the  previous  information  on  the  system  as  described  in 
this  report.  The  effects  of  environment  on  the  mlcrostructure 
will  be  further  developed  including  "stress  histories"  in  dif¬ 
ferent  conditions  of  temperature  and  humidity,  following  the 
arguments  introduced  here  or*  the  crazing  process  an  a  form  of 
local  yielding. 
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LlbT  OF  FIGiREd 

Figure  1.  -  First  (a)  and  second  (b)  sorption  -  desorption 

* 

weight  gain  experiments  as  function  of  time  at 

»* 

different  activities  and  at  T  =  60°C.  (c)  Equili¬ 

brium  solubility  isotherms  at  X  «  60°C  from  i  first 
(0)  }  second  (•)  and  third  (A)  sorption  -  desorption 
cycle  sets  • 

Figure  2*  -  First  (a)  and  second  (b)  sorption  —  desorption  weight 

gain  experiments  as  function  of  time  at  different 
activities  and  at  T  =  75°C.  (c)  Equilibrium  solu¬ 
bility  isotherms  at  T  «  75°C  front  first  (0)  and  se¬ 
cond  (•)  sorption  -  desorption  cycle  sets.  Dotted 
line  refers  to  the  initial  linear  i;-"  'therm  in  the  un- 
.  -  damaged  system  •  • 

Figure  3.  -  First  (a)  any  secom  (b)  &or»-  it  on  -•  desorption  weight 
gain  experiments  »e  riu;ctior.  of  hir  at  different  ac¬ 
tivities  and  at  T  ~  4Si°C.  ic)  Equilibrium  solubility 
isotherms  at  T  -  4!>°C  from  :  first  (0)  and  second  (•) 
sorption  -  ueeorption  cycle  sets. 


' . 
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Figure  4.  -  First  (a)  ism  r\-  -otd  (b)  sorr-ticn  -  desorption 

weight  gain  experiments  as  function  of  time  at 
different  activities  and  at  T  a  30°C.  (c)  F.qui- 
11 brium  solubility  isotherms  at  T  -  30°C  from  i 
first  (0)  ana  second  (•)  sorptior  —  desorption 
cycle  sets. 

Figure  5.  -  Weight  gainu  as  function  of  time  for  water  sor¬ 

ption  from  liquid  phase  at  T  =  20°C  and  T  =  2°C, 
Figure  6*  -  Equilibrium  solubility  isotherms  as  function  of 

tha  actual  jnoi3ture  pressure. 

Figure  7.  -  Apparent  Henry’s  constants  as  a  functuin  of  l/T 

obtained,  From  linear  isotherms  cf  second  sor- 
ption  experiment 3  (  damaged  material  )  (•) j  ini¬ 
tial  linear  isotherms  of  specimens  previously  e- 
quilibrated  at  T  A  6Q°G  and  a  0.99»  (A)» 

Figure  8,  -  Sorption  Kinetics  at  different  humidity  levels 

at  T  =  30°C  (&/  and  T  4 5°C  (b)  of  'pecinenn  pre¬ 

viously  equilibrated  at  T  =  60°C  and  a  “  0.99e 
(c)  Comparison  between  linear  isotherms  &i  T  -45 °C 
and  T  =  30°C  for  samples  equilibrated  at  the  test, 
temperature  (•) ,  and  previously  equilibrated  at 
T  -  60°C  end  a  =  0.°9  (0). 
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Figure  9.  -  Moisture  qor;  tion  (0)  and  •■iet.orptlo"  (#)  curves 

f cr  "ns  cast*  rosin  at  two  different  external 
activities.  >  =  75 JC. 

Figure  10i  -  Moisture  sorrtion  (0)  and  Ge sorption  (•)  curves 
for  a  previously  equilibrated  resin  at  T  -  75°C 
and  a  =  0.99.  External  activity  a  *  0,80. 

Figure  11.  -  Comparison  between  moisture  sorption  In  the  same 
external  conditions  for  resin  with  different  pre¬ 
vious  histories. 

Figure  12.  -  Diffusion  coefficient  reductions  D ,/d,,far  so¬ 
lubility  increases  (JC£  /  K£  ) »  (0)  experimental, 
(““■)  equation  8. 

Figure  13.  -  Crossplot  of  diffusion  coefficients  and  solubi¬ 
lities  as  function  of  l/T  for  undamaged  (0,A) 
and  damaged  at  T  -  60°C  and  a  “  0.99  (i,A)  epo¬ 
xy  resins. 

Figure  14,  -  Liquid  water  uptake  in  resorption  tests  performed 
on  previously  nu  turn  ted  in  liquid  water  arc  si;bsc- 
quertaly  driod  samples  (T  -  40°C).  (0)  Previously 

loaded  (  -  0.30  kg/mm^)  and  l®)  unloaded  samples. 
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Figure  6.  -  Kouilir-riwa  soiuliility  isotherms  as  function  of 
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Figure  7.  -  Apparent  Henry' s  constants  as  a  .function  of  1/T 

obtained  from  linear  initial  part  of  upward 
isotherms  (  undamaged)  (0);  linear  isotherms  (da¬ 
maged  "iaterial,i  (Op  linear  isotherms  of  seed- 

o 

men 3  'revlously  exposed  at  T  =  60  C  and  a  =  O.VV 

(A). 


►},  and  previously  equilibrated  at 
l  =  0.99  (0). 
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"as  c«st"  resin  at  two  different  external 
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.itiona  for  reain  with  different  pre- 


Figure  12.  -  Diffusion  coefficient  reductions  D' /D1  'for  so¬ 
lubility  ir.creaaes  (KJ  /  ):  (C)  experimental, 

( — ')  equation  B. 
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